Major point sources of per-and polyfluoroalkyl substances (PFASs) cause ubiquitous spread of PFASs in the environment. In this study, surface water and aquatic invertebrates at three Swedish sites impacted by PFAS point sources were characterized, using homologue, isomer and extractable organofluorine (EOF) profiling as well as estimation of bioaccumulation factors (BAFs) and mass discharge. Two sites were impacted by fire training (sites A and R) and the third by industrial runoff (site K). Mean S 25 PFASs concentration in water was 1920 ng L À1 at site R (n ¼ 3), which was more than 20-and 10-fold higher than those from sites A and K, respectively. PFOS was the most predominant PFAS in all waters samples, constituting 29-79% of S 25 PFAS concentrations. Several branched isomers were detected and they substantially contributed to concentrations in surface water (e.g. 49-78% of SPFOS) and aquatic invertebrates (e.g. 15-28% of SPFOS). BAFs in the aquatic invertebrates indicated higher bioaccumulation for long chain PFASs and lower bioaccumulation for branched PFOS isomers compared to linear PFOS. EOF mass balance showed that S 25 target PFASs in water could explain up to 55% of EOF at site R. However, larger proportions of EOF (>92%) remained unknown in water from sites A and K. Mass discharges were for the first time estimated for EOF and revealed that high amounts of EOF (e.g. 8.2 g F day À1 at site A) could be transported by water to recipient water bodies relative to S 25 PFASs (e.g. 0.15 g day À1 at site A). Overall, we showed that composition profiling, BAFs and EOF mass balance can improve the characterization of PFASs around point sources.
Introduction
Per-and polyuoroalkyl substances (PFASs) are a large group of synthetic highly uorinated organic substances, that have a broad range of applications (e.g. as re-ghting foams, industrial surfactants, surface coatings) because of their unique properties such as thermal and chemical stability and amphiphilic property. 1, 2 Although PFASs provide many important functions in modern society, their unique properties also lead to undesired environmental consequences such as resistance to degradation, bioaccumulation, and potential health risks to wildlife and humans. [3] [4] [5] [6] Two main manufacturing processes of PFASs are electrochemical uorination (ECF) and telomerization. Telomerisation produces only linear and even number carbon chain length PFASs depending on the starting material and is currently the major manufacturing process. 7 In contrast, ECF produces around 20-30% branched isomers and was mainly used in the past, therefore detection of branched isomers is indicative of legacy contamination. 5, 8 Major point sources of PFASs are discharges from manufacturing plants, re-ghting training sites, sewage treatment plant effluents or landll leachates. [9] [10] [11] [12] It has been estimated that >95% of per-uorooctylsulfonyl uoride (PFOSF)-based peruoroalkyl carboxylic acids (PFCAs) and peruoroalkyl sulfonic acids (PFSAs) emissions have been released into aquatic environments. 5, 13 Due to high water solubility and amphiphilic characteristics, various PFCAs and PFSAs have been found to bioaccumulate at various trophic levels of aquatic food webs. 6, 14, 15 Uptake rates and half-lives in organisms generally increase with increasing PFAS carbon chain length. 6 Branched PFASs and shorter chain PFASs, have a faster elimination rate. [16] [17] [18] Still, sources and pathways in freshwater ecosystems are not completely characterized. Further, most studies analyzed only linear PFASs and their concentrations at higher trophic levels such as sh, and little information is known about isomer proles in aquatic invertebrates.
Recently, it has been shown that at least 4700 PFASs are available on the commercial market. 19 However, development of targeted analytical methods for this vast number of PFASs is not feasible. Therefore, an alternative analytical approach is to measure extractable organouorine (EOF). [20] [21] [22] [23] This enables a mass-balance analysis, where the difference between EOF and the sum of quantied PFASs (converted into uorine equivalents) indicate the presence of unquantiable uorinated substances in a sample. 24 Several studies found that target PFASs contributed to only a small fraction of EOF measured in different matrices, indicating the presence of unknown/ unquantiable organouorines. 21, [25] [26] [27] In this study, surface water and composite aquatic invertebrate samples were collected at three small Swedish catchments that are impacted by PFAS point sources. The aim of this study was to investigate the fate of 25 target PFASs including branched isomers in surface water and aquatic invertebrates, and to conduct EOF mass balance in surface water. The combination of homologue and isomer proles, bioaccumulation factors (BAFs), organouorine mass balance analysis and mass discharges will allow for a comprehensive characterization and implications of the contamination of PFAS around point sources.
Materials and methods

Sampling sites
Samples were taken from three Swedish sites that have previously been reported to be contaminated by PFASs. [28] [29] [30] [31] Site A is the catchment of Märsta River at Stockholm Arlanda Airport, site R is a small catchment near Ronneby Airport, and site K is located at the industrial area of Kvarntorp ( Fig. 1) . Sites A and R are located close to airports with re-ghting training facilities, where PFAS containing AFFFs were extensively used in the past. 28, 31, 32 Since 2011, Stockholm Arlanda Airport use only uorine-free alternative re-ghting foams, whereas Ronneby Airport is part of the Swedish Armed Forces, which replaced PFAS-containing foams to uorotelomer-based re-ghting foams. [32] [33] [34] At site K, samples were taken from lake Söderhavet, which is an articial pit lake impacted by various industrial activities from the surrounding Kvarntorp area. These include the only hazardous waste management facility in Sweden, municipal sludge deposits, a 100 m high slag heap, and paper and pigment industries. Detailed descriptions of the sampling sites can be found in the ESI. †
Sample collection
Surface water and aquatic invertebrates were collected in September 2016 at: site A Stockholm Arlanda Airport (A1, A2, A3, ARef), site R Ronneby Airport (R1, R2, R3, RRef), and site K the Kvarntorp area (K1) ( Fig. 1 ). Sampling sites A1 and A3 were located at Märsta River approximately 3 and 9 km downstream from the re-ghting training area at Stockholm Arlanda Airport, with no other suspected PFASs point sources between the sites. Sampling site A2 is a small ditch located a few hundred meter from the cemented re-ghting training area. Märsta River ows into Lake Mälaren, which is the 3 rd largest lake and the largest drinking water source in Sweden. Reference samples were taken at a stream similar to the Märsta River about 10 km west from Stockholm Arlanda Airport. Ronneby Airport has two re-ghting training areas, an old one located west of the runway which has not been used since the 1990s, and the current training area situated east of the runway. Sampling site R1 was located approximately 1 km east of the current training area at Kallinge creek, whereas R2 and R3 were located about 1-2 km west of the airport at a small creek (Hasselstadsbäcken) found to be impacted by the old training area. Hasselstadsbäcken ows through a constructed wetland (ca. 1.5 ha large) situated between R2 and R3. Both creeks ow into Ronneby River and nally into the Baltic Sea aer a few kilometers. The reference site was located 2.3 km upstream of the airport, at the Ronneby River. In Kvarntorp, samples were taken at site K1 located at the outlet of the pit lake named Söderhavet downstream of the industrial area Kvarntorp.
At each site, samples were collected within a 50 m stretch of the creeks/lake. Water parameters (pH, alkalinity, water temperature, dissolved organic carbon (DOC), total organic carbon (TOC), width and depth) were measured at A1, R1 and K1 (Table S1 in ESI †). Surface water samples (1 L) were collected a few centimeter (if possible >10 cm) below the surface in prerinsed polypropylene (PP) bottles. The bottles were rinsed three times with the surface water prior to sampling. Aer sampling, the samples were kept cool and then stored at 4 C until analysis. For quality assurance, eld blanks (1 L PP bottles lled with ultra pure MilliQ-water) were deployed with the lid removed for the duration of sampling and water samples were taken in triplicates at A1 and R1 and in duplicates at K1. The standard deviation of the replicates were low and are listed in Tables S4 and S5 in ESI. † Benthic invertebrates were caught with a kick-net sampling method. Briey, 10 locations for sampling were randomly chosen within the 50 m stretch, and within each of these locations, the sediment was disturbed for 60 s within an approximate area of 1 m 2 , while a hand-held net collected the invertebrates brought by the current. The collected invertebrates were kept in 1 L PP bottles for 24 h, which were lled with water from the sampling site, in order to clear their gut contents. 35 Aerwards, their number was counted, the taxa were determined, and the samples were then frozen until analysis (Table S2 in ESI †). Due to the low amount of biomass, all invertebrates were pooled into one composite sample at each sampling site. Overall, the composite invertebrates samples contained mainly small crustaceans (i.e. amphipods and waterlouses) or aquatic insect larvae (i.e. mayy, caddisy or dragony larvae, Table S2 in ESI †). Adequate invertebrate biomass for PFAS analysis (>100 mg) was only found at A1 (containing 80% amphipods), R1 (containing 100% amphipods), and K1 (containing 18% mayy larvae, with the rest being other aquatic insects and amphipods).
DOC and TOC analysis of water samples was performed at the department of soil and environment at the Swedish University of Agricultural Science. Daily and annual average ow data for the watershed of Hässelstad (R2 and R3) and Märsta River (A1 and A3) were obtained from the Swedish Meteorological and Hydrological Institute (SMHI) 36 and from Edvisions 30 for R1. Bioaccumulation factors (BAF) were calculated by the whole body PFAS concentration of the invertebrate sample (converted to wet weight) divided by the PFAS concentration in water.
Chemicals
A total of 25 target compounds were analyzed, including PFCAs with peruorocarbon chain length of C 3 -C 13 , C 15 , and C 17 (PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA, PFTeDA, PFHxDA, PFOcDA); PFSAs with peruorocarbon chain length of C 4 -C 10 and C 12 (PFBS, PFPeS, PFHxS, PFHpS, PFOS, PFNS, PFDS, PFDoDS); and precursors, such as uorotelomer sulfonates (4 : 2 FTSA, 6 : 2 FTSA and 8 : 2 FTSA) and peruorooctane sulfonamide (FOSA). The masslabeled internal standard (IS) included 13 C-PFBA, 13 C-PFPeA, 13 C-PFHxA, 13 C-PFOA, 13 C-PFNA, 13 C-PFDA, 13 C-PFUnDA, 13 C-PFDoDA, 13 C-PFTeDA, 13 C-PFHxDA, 18 O-PFHxS, 13 C-PFOS, 13 C-4 : 2 FTSA, 13 C-6 : 2 FTSA, 13 C-8 : 2 FTSA, and 13 C-FOSA. Furthermore, a reference branched PFOS isomer standard was used, containing 1m-PFOS, 6/2m-PFOS, 3/4/5m-PFOS, and 4.4/ 4.5/5.5-m 2 -PFOS (brPFOSK0113). All reference compounds were purchased from Wellington Laboratories (Guelph, Canada). More details about the target PFASs can be found in Table S3 in ESI. † For the EOF analysis, a PFOS standard from Sigma-Aldrich was used.
PFAS analysis
Water samples were ltered through pre-baked (450 C for 3 h) glass microber lters (Whatman GF/C; diameter 47 mm, 1.2 mm pore size) to remove particulate matter. The particulate matter on the lter was extracted, but the mass of particulate matter was too low (<100 mg), hence the measured levels were uncertain and excluded. Therefore, some PFASs such as the long chain homologues might be slightly underestimated in the surface water due to potential absorption to the lter and in the particles. Each water sample (500 mL) was spiked with 1 ng of IS followed by solid phase extraction (SPE) according to the ISO/ DIS 25101:2009 method using Oasis weak anion exchange (WAX) cartridges (Waters 150 mg, 6 mL, 30 mm). 37 The samples were eluted in two fractions; the rst, the "neutral fraction" was eluted with 4 mL methanol containing mainly neutral PFASs (e.g. FOSA) and the second fraction, the "anionic fraction", was eluted with 4 mL of 0.1% NH 4 OH in methanol consisting mainly of anionic PFASs (e.g. PFCAs and PFSAs).
The invertebrate samples were rst freeze dried, homogenized with mortar and pestle, and weighed into polypropylene (PP)-tubes (120-150 mg per sample). Extracts were then spiked with 1 ng IS, followed by alkaline digestion (0.2 M NaOH in methanol) and solid-liquid extraction (methanol), based on Powley et al. 38 Aerwards, the extracts were diluted with MilliQwater (1 : 9) and subjected to SPE clean-up following the same procedure as with the water samples. The neutral and anionic fractions were separately eluted, spiked with injection standard and then concentrated in LC-vials to 200 mL under a gentle nitrogen stream. The extracts from the neutral and anionic fractions were then separately analyzed for target PFASs by ultra-performance liquid chromatography coupled to a tandem mass spectrometer (UPLC-MS/MS Waters Xevo TQ-S, MA, USA). Negative ionization mode and gradient separation with a 100 mm C18 BEH column (1.7 mm, 2.1 mm) was used (for more information see ESI text and Table S3 in ESI †).
EOF analysis
A separate analysis to determine EOF in water samples was conducted. The same ltered water samples were extracted according to the target analysis using SPE. A small adjustment was added in order to remove inorganic uorine in accordance to Miyake et al. 21 Aer samples were loaded, the cartridges were washed in turn with 20 mL 0.01% NH 4 OH/MilliQ-water, 30 mL MilliQ-water and 4 mL ammonium acetate buffer. Samples were eluted in the two fractions as in the target analysis. Extracts were concentrated to 300 mL and split for the two separate instrumental analysis. EOF was determined using combustion ion chromatography (CIC), with a combustion unit from Analytik Jena (Germany), a 920 Absorber Module and 930 Compact IC Flex ion chromatograph from Metrohm (Switzerland). In brief, the extract (100 mL) was placed on a quartz boat and combusted in the furnace at 1000-1050 C to convert organo-uorine into HF, which was then adsorbed in MilliQ-water. The separation of anions was performed using an ion exchange column (Metrosep A Supp 5 -150/4) with a carbonate buffer (64 mmol L À1 sodium carbonate and 20 mmol L À1 sodium bicarbonate) as eluent in isocratic elution. The concentration of F À was determined by a conductivity detector.
Quality control and assurance and data analysis
For quantication of the PFASs, the isotope dilution method was used. For some PFASs that did not have isotope labeled standards, the internal standard closest in retention time within the same functional group was used for quantication (Table S3 in ESI †). Target PFASs were calculated against a ninepoint calibration curve, whereas branched isomers of PFOS were quantied using a six-point calibration curve. The following branched isomer groups were quantied; 1m-PFOS, 6/ 2m-PFOS, 3/4/5m-PFOS, and 4.4/4.5/5.5-m 2 -PFOS. Chromatograms of the branched PFOS isomer standard, surface water (R1) and aquatic invertebrates (R1) are shown in Fig. S1 in ESI. † Branched isomers of PFHxS, PFHpS and PFOA were determined by the integration of all isomer peaks, and then semi-quantied against their respective linear isomer (assuming same response per mol for all isomers). The sum of linear and branched isomer concentration using this quantication method was referred to as e.g. T-PFOA in this study. Since PFOS branched isomer standard was available, they were quantied against a branched isomer calibration curve, and the total concentrations for branched and linear PFOS was therefore summed up and referred to SPFOS in this study. MilliQ-water was used for procedure blanks in the water analysis. For invertebrate analysis, in-house reference lake sediment was used as a procedure blank matrix. The MDLs and MQLs were respectively calculated as 3 times or 10 times the standard deviation (SD) plus the average concentration of all blanks (n ¼ 3-6) used per matrix. If the target PFAS was not detected in the blanks, the lowest point of calibration (10 pg) was used to calculate the MDL and MQL. MDLs ranged between 0.004 and 0.81 ng L À1 for water samples and between 0.03 and 0.37 ng g À1 for aquatic invertebrate samples. MQLs ranged between 0.013 and 2.7 ng L À1 for water samples 0.09 and 1.25 ng g À1 for aquatic invertebrate samples. In the calculations, measured values below MQL but above MDL were reported as they were without censoring, while values below MDL were replaced by MDL/2 (Table S4 in ESI †). Recoveries ranged for C 5 -C 11 PFCAs and PFSAs from 50-145% for water and 60-105% for invertebrate analysis (for details and standard deviations see Table S6 in ESI †).
For EOF analysis, the samples were quantied by a six-point external calibration curve using a PFOS standard solution (linearity with R 2 ¼ 0.998), aer the mean of the combustion blanks (n ¼ 3) was subtracted from the peak area of the samples. For quality control a spiked (1 ng of IS) sample with MilliQwater (QC sample) was extracted in the same batch, which was analyzed with UPLC-MS/MS. The recovery was compared to the QC values from the target analysis to ensure that the method performance was acceptable. The comparison showed the similar recovery values for the EOF and PFASs target analysis (RSD < 3.5% for C 5 -C 11 PFCAs and PFSAs). The instrument limit of detection (LOD) was calculated by the mean of F in the combustion blanks (n ¼ 3) plus 3Â standard deviation (SD) and was 16 ng F. The MDLs were calculated from the procedural blanks and corrected for sample volumes, they ranged from 257-782 ng F L À1 in the neutral fraction and 71-217 ng F L À1 in the anionic fraction. Since EOF concentrations in samples of the neutral fraction were all below the estimated MDL, this study focuses only on the anionic fraction. Since the recovery of EOF cannot be determined, the quantied target PFAS concentrations without recovery-correction were used for mass balance analysis. For data comparison, the PFAS concentrations were convert to uoride equivalents by the following equation:
where C F is the corresponding uoride concentration (ng F L À1 ), n F is the number of uorine in the individual target PFAS, MW F is the molecular weight of uorine, MW PFAS is the molecular (Table S4 in ESI †). Previously, PFAS concentrations were found to decrease with distance from the point source to the delta of Märsta River by a factor of 10-50. 28 In this study, we found that S 25 PFAS concentrations at site A2 (closest to the point source) were much lower (94 ng L À1 ) compared to around 4000 ng L À1 for S 11 PFAS measured at the same location in 2011. 28 One explanation for the sharp decrease at A2 could be that carbon lters have recently been installed to treat groundwater from the retraining site.
At site R, S 25 PFAS concentrations were 282 ng L À1 (R1), 2890 ng L À1 (R2), 2580 ng L À1 (R3) and 2.0 ng L À1 (RRef). The mean S 25 PFAS concentration (AESD) at site R (1920 AE 1160 ng L À1 ) was more than 25 times higher than site A (71 AE 28 ng L À1 ) and more than 10 times higher than site K (156 ng L À1 ). PFOS and PFHxS constituted 57-79% and 9-25% of the S 25 PFASs, respectively. The PFAS concentrations in surface water at Ronneby Airport were comparable to levels found at other airport sites contaminated by PFAS-containing AFFFs ranging from hundreds to several thousand nanogram per liter. [39] [40] [41] [42] [43] However, the concentrations were generally lower (about 10-30 times in R1 and 3-4 times lower in R2/R3) than reported for S 15 PFAS concentrations two years earlier (2014), just aer the contamination was discovered in 2013. 31 The S 25 PFAS concentration in surface water in Söderhavet (K1) was 156 ng L À1 . This supports a previous report which found very high levels of PFOS in sh (mean 750 ng g ww À1 ) from the same lake. 29 The levels found at sites R and K were higher than the mean of 110 ng L À1 (S 26 PFAS) measured in 285 Swedish surface water samples from a national screening study, 44 however the median concentration was low (3.9 ng L À1 ) indicating high variability between sites in Sweden.
PFAS concentrations in aquatic invertebrates
Twenty-two out of 24 target PFASs were detected in the benthic invertebrate samples (Table S5 in ESI †). FOSA could not be analysed in biota and is therefore excluded. Individual PFAS concentrations ranged from 0.14-44 ng g dw À1 at site A, 0.13-571 ng g dw À1 at site R, and 0.19-230 ng g dw À1 at site K, whereas the S 24 PFAS concentrations were 82, 769 and 292 ng g dw À1 , respectively. To enable comparison with other studies, the concentration in dry weight was converted to wet weight (ww) using a conversion factor of 0.1, which was the mean water content (90% AE 2.3%) determined for all invertebrates in this study. PFOS was the dominant PFAS with concentrations of at least an order of magnitude higher than those of other target PFASs. The measured PFOS concentrations at all three sites (4.4 to 63 ng g ww À1 ) were similar to concentrations measured in two amphipod species (Mysis relicta and Diporeia hoyi, 13 to 280 ng g ww À1 ) in Lake Ontario, Canada. 45 PFOS concentrations at site A1 (4.4 ng g ww À1 ) and site K1 (25 ng g ww À1 ) were similar to levels found in amphipods (Gammarids and D. Villosus) and damsely larvae (Zygoptera) collected 40 km downstream of a PFAS manufacture plant from Rhône River in France (6.5-12 and 3.6-7 ng g ww À1 PFOS). 14 Interestingly, concentrations of long chain PFASs in this study (C 9 -C 15 PFCAs up to 0.71 ng g ww
À1
) were approximately two orders of magnitudes lower than those in the Rhône River (C 9 -C 15 PFCAs maximum values of 102 ng g ww À1 ). Amphipods from site R1, as expected from the water concentrations, had the highest S 24 PFAS concentration (769 ng g dw À1 ) compared to site A and K. The PFOS concentrations at R2 and R3 (2890 and 2580 ng L À1 in water) were above the Estimated No-Effects Value (ENEV) of 491 ng L À1 for aquatic organisms (used by Environment Canada 46 based on the No Observed Effect Concentration (NOEC) of 49 100 ng L À1 for Chironomus tentans 47 ), indicating high exposure and potential adverse effects for invertebrates. At site A, the PFOS concentration in the invertebrates were more than 10 times lower (A1) than in amphipods collected from Lake Mälaren, which is the recipient lake of site A. 48 However, the previous study collected samples in 2004, before the complete ban of PFAS-containing AFFFs at Stockholm Arlanda Airport, which may explain the lower PFAS concentrations in this study.
Isomer proles
Chromatograms of the isomer analysis in water revealed one quantiable-branched isomer for PFHxA, one for PFHpA, two for PFPeS, three for PFHxS, two for PFOA, three for PFNA (only in samples from site R) and six for PFOS. The proportion of the quantied branched isomers in surface water ranged from 8.6-17% for PFOA, 11-23% for PFHxS, 2.1-32% for PFHpS and 49-78% for PFOS ( Fig. 2A and Table S7 in ESI †). Especially high concentrations of branched PFOS isomers were found at site R, where their contribution to the total PFOS was even higher than the linear. For example, at R1 the relative proportion to the sum of PFOS was for linear PFOS 31%, for 1-PFOS 6.2%, for 6/2-PFOS 21%, for 3/4/5-PFOS 40% and for dimethyl-PFOS 2.8% (Fig. 2B , Table S7 and Fig. S1 in ESI †). The mean contribution of branched isomers in water from this study were higher (e.g. br-PFHxS 16% and br-PFOS 66%) than the mean values found in Swedish surface waters (n ¼ 285, e.g. br-PFHxS 7% and br-PFOS 20%). 49 The branched isomer contributions in invertebrate samples were lower compared to surface water, ranging from 0.0-6.6% for PFOA, 0.0-18% for PFHpS and 15-28% for PFOS (br-PFHxS could not be quantied). This was expected since branched isomers are more water-soluble than the linear compound and have been suggested to have a lower uptake, faster elimination and/or selective retention in biota. 15, 41 Similar branched isomer pattern for PFOS and PFOA was found in the food web of Lake Taihu in China. 50 Additionally, PFOS isomer pattern at site A, R and K in surface water (17-24% of 6/2-PFOS) and aquatic invertebrates (6.1-10% of 6/2-PFOS) were comparable to those in Lake Ontario, 22-28% of 6/2-PFOS in Lake Ontario water and 3.9-5.2% for 6/2-PFOS in amphipods (Mysis relicta). 15 Without the branched isomer analysis, PFAS levels would have been substantially underestimated, e.g., br-PFOS contributed to 69% of the SPFOS in water at R1.
Homologue proles of PFASs
Homologue proles differed between the sites and between water and aquatic invertebrates, but all samples showed a dominance of PFSAs. In water, the mean (AESD) contribution of PFSAs was 65 AE 7.2% at site A, 94 AE 1.2% at site R, and 78% at site K (Fig. 3) . A similar contribution of PFSAs was found in invertebrates, with 58% in sample A1, 92% in R1, and 90% in K1. The fraction of FTSAs (6 : 2 FTSA and 8 : 2 FTSA) to the overall homologue prole ranged from 0.01 to 4.3%. The percentage of the long chain PFASs (number of carbons for PFCAs $ 7 and PFSAs $ 6) was higher in the aquatic invertebrates (average 94%) than in surface water (average 81%).
At site A, the water proles showed major contribution from PFOS (34-58%), PFHxS (12-18%) and short chain PFCAs (C 4 -C 7 , 19-35%). In sample A2, collected closest to the re training area, up to 4.3% FTSAs were detected. A different prole can be seen in the aquatic invertebrates from A1 were long chain PFCAs and PFASs contributed to 92%, as well as 4. The homologue prole at site R reveals that PFOS and PFHxS account for 58-79% and 10-26%, respectively, in the surface water. The remaining proportion consist of other PFSAs (i.e. PFBS, PFPeS and PFHpS) and PFCAs, mainly PFHxA. In invertebrates, the PFOS fraction is even higher, accounting for 82%, indicating a high uptake and bioaccumulation of PFOS. The contribution of PFHxS was comparatively lower at 7.7%. At Ronneby airport the military used STHMEX-AFFF 3% (pre 2003) from 1980 until early 2000, the same foam that was used at site A. 32 Homologue proles were very similar to those described for AFFF formulations (1988-2001) from the major producer 3M in the US, 51 suggesting similarities in the formulation of these products. Compared to site A, homologue proles differ since the PFCA fraction was much higher in A, suggesting that site R is mainly impacted by historical AFFFs. In fact, R2 and R3 were situated close to the old re training area. R1 on the other hand was situated close to the recent training site (implemented in 1990) and a slightly higher contribution of PFCAs (7.6%) was measured there, indicating potential impact from new generation foams.
Major fractions in water from K1 were PFOS (58%), PFHxS (10%) and PFBS (8.3%). PFCAs (22%) contributed with C 4 -C 8 in similar proportions and 6 : 2 FTSA was 3.8% of total PFASs. In the invertebrates, PFOS made up 87% of the prole and 8 : 2 FTSA had the highest abundance of 2.4% compared to all other samples. High proportions of PFOS and PFHxS as well as the detection of 6 : 2 and 8 : 2 FTSAs implied impacts from AFFF products in both surface water and aquatic invertebrates. 6 : 2 FTSA was found to be associated to re training areas, but not in urban areas, 49 strengthening the theory that site K was indirectly impacted by AFFF products. As mentioned previously, the only hazardous waste facility in Sweden is located at site K, which disposes AFFF foams by incineration and might also handle AFFF contaminated soils in landlls. Another possible source could be from the sludge deposit located along the stream that ows into Söderhavet. Furthermore, leachate from landll could be expected from site K and besides the fact that the proportion of PFSAs were predominant in the homologue prole of K, it also had similarities to those found in Swedish landll/waste disposal leachates. 49 In general, Gobelius et al. 49 found that source categories landll, urban area, and unspecic industry had similar PFAS homologue proles.
Log transformed concentrations of PFHxS and PFOS were found to be positively correlated in all water samples (r ¼ 0.97, n ¼ 7) as well as in aquatic invertebrates (r ¼ 0.93 although the number of samples were low, i.e. n ¼ 3) (Fig. S2 †) . Awad et al. 39 also found a similar correlation and suggested a common origin, in their case it was AFFF impacted water. Furthermore, PFHxS and PFOS were found to be the most common PFASs at 40AFFF impacted sites in various matrices across the US. 52 It is not known whether PFHxS was an intentional ingredient in PFOS products (e.g. AFFF 3M formulations) or if its occurrence in the environment is due to impurities in the production of PFOS or environmental transformation of precursors. Houtz et al. 51 found evidence for transformation by showing that C 6 homologue precursors in AFFF foam formulation by 3M most likely transformed into PFHxS via oxidation using a total oxidizable precursor assay. They suggested that increased PFHxS-to-PFOS ratio in environmental samples compared to those determined in AFFF (e.g. 3M AFFF had a ratio of 0.1) implies that precursors are transformed by biological or chemical transformation (e.g. aerobic oxidation by bacteria) into PFHxS. In this study, PFHxS-to-PFOS ratios in surface water at site A were 0.2-0.54, which were higher compared with the 3M formulations investigated by Houtz et al. 51 indicating potential contribution from transformation of C 6 precursors. The ratio was lower for K1 with 0.17 and at 0.12 for R2 and R3. However, for the surface water at R1 the ratio was 0.44, which was substantially higher than at R2 and R3. This might be explained by the fact that only R1 is impacted by the recent re training site. In fact, it is known that the Swedish Armed Forces replaced PFOS-AFFFs by uorotelomer-based re-ghting foams in 2011, which would be in accordance with the PFHxSto-PFOS ratio at R1 indicating the presence of C 6 precursors. Therefore, the PFHxS-to-PFOS ratio might be a suitable indicator for different AFFF products used at re training sites.
Bioaccumulation factors
The BAFs (based on converted wet weights) were determined for 15 PFASs and branched PFOS isomers for the aquatic invertebrates (log transformed in Fig. 4 , and Table S8 in ESI †). In general, high BAF values were found for long chain PFCAs at A1, whereas at R1 short chain PFASs were higher than those in A1 and K1. Differences may be due to different compositions of invertebrates among the samples and dissimilar environmental conditions between the sites. According to regulatory criteria, PFASs with BAFs between 1000-5000 L kg À1 are usually View Article Online considered as bioaccumulative. 53 In the aquatic invertebrates from A1, R1 and K1, C 9 -C 15 PFCAs and C 9 PFSA (PFNS) had BAFs >1000 L kg À1 , indicating bioaccumulation potential for those compounds. Furthermore, the bioaccumulation was directly related to the peruorocarbon chain length of PFASs, which has also been described in other studies (Fig. 4) . 53 When looking at the per unit CF 2 -moiety increase, the BAFs of short chain PFASs (C 4 to C 7 ) increased by a factor of 1.3 per CF 2 -moiety for PFCAs and 3.2 for PFSAs. The CF 2 -moiety unit increase for long chain PFASs (C 7 to C 10 ) is steeper by a factor of 3.7 for PFCAs and 4 for PFSAs making the long chain PFAS even more bioaccumulative. For example, the BAF for PFNA (C 8 ) was 866 and increased to 4280 for PFDA (C 9 ) in A1. Branched PFOS isomers showed the lowest BAFs for dimethyl PFOS (0-14 L kg À1 ), and similar factors for 3/4/5-PFOS, 6/2-PFOS and 1-PFOS in the range of 85-186 L kg À1 , while BAFs of linear PFOS were highest with 534-942 L kg À1 . The substantial different BAFs of branched vs. linear PFOS, may be due to the higher solubility of branched isomers in water 15 and the faster elimination rates for branched isomers in biota. 15 In other studies, higher BAFs have been reported in aquatic food webs than in this study. 15, 39, 54 These differences could be due to the differences in environmental conditions between sites and whether steady-state has been reached between PFAS concentrations in water and organisms.
Extractable organouorine in surface water
EOF was determined for all water samples and the mass balance analysis (the proportions between unquantied and quantied EOF) are shown in Fig. 5 . At site R, the highest EOF concentrations were found for R2 and R3 with 3180 and 3930 ng F L À1 , respectively, whereas R1 was 408 ng F L À1 . Target PFASs (predominantly PFOS) accounted for 55%, 39% and 44% (R2, R3 and R1, respectively), indicating that the analyzed PFASs substantially contributed to the organouorine found in the surface waters at site R. Concentrations at site A were 320, 2480, 2170 ng F L À1 at A1, A2, and A3, respectively, whereas S 25 PFASs made up only a small proportion of EOF ranging between 2.1 and 5.4%. Similarly, at site K, the EOF was 1110 ng F L À1 and S 25 PFASs represented 7.8% of the EOF. Both reference sites RRef and ARef contained 96% and 98% unquantied EOF. Comparing the three sites, the mass balance analysis showed different proles and concentrations of EOF, indicating variation of organouorine sources other than PFASs such as agricultural sources. For example at site R, where S 25 PFASs substantially contributed to the EOF, the sampling sites were situated in a forested area in close proximity to the airport, whereas A1 and A3 were located in an agricultural and urban landscape. At sites A and K quantied PFASs made up only a small proportion of EOF indicating other existing organouorine sources. In general, EOF measured for R2-3, A2-3 and K1 were higher than those found in other studies, such as seawater with an average concentration of 562 ng F L À1 (ref. 21) and lake water in the range of 100-1000 ng F L À1 measured at an AFFF impacted site in Hokkaido, Japan. 55 The higher EOF concentration in this study might partly be explained by the hydrological characteristics of the sampling sites, since the surface water samples from sites R and A were taken from small creeks/ditches close to the re-ghting training area (proximity <9 km) and therefore they might have been less diluted compared to lake and seawater samples. The high portion of unquantied EOF indicates that there was a signicant amount of unknown organouorine in these samples. Their identities are currently not known but could be e.g. other PFASs, uorinated pharmaceuticals, herbicides or other agrochemicals. 56, 57 Mass discharge from surface waters Mass discharges were estimated for sites A and R for S 25 PFASs, PFOS and EOF in gram per day (Table 1) . At site A, the mass discharge was estimated for Märsta River (A1), located south of Stockholm Arlanda Airport, with 0.036 g day À1 for S 25 PFASs and 1.7 g F day À1 for EOF. At the mouth of the river (A3), 6 km downstream from A1, the discharge was higher with 0.15 g day À1 for S 25 PFASs and 8.2 g F day À1 for EOF. The high mass discharge of EOF at site A3 could be from the introduction of other orga-nouorine sources between A1 and A3 from Märsta city. For comparison with previous studies, an estimation of yearly mass discharges has been calculated based on the assumption that the PFAS concentrations have been constant over the whole year. For Märsta River and Hasselstadsbäcken, the yearly average ow rates were taken from SMHI, while for Klintabäcken a single eld measurement in April 2015 was used (for more detail see . This trend is in good agreement with model predictions, where the highest PFOS amounts, 27 kg in soil and water at site A, were estimated in the 1990s and since then a yearly decrease of 0.5-1 kg was predicted. 59 The model also predicted by 2060 PFOS levels in soil will drop to <5 kg and <0.3 kg in ground-and surface water at site A. Furthermore, no ecotoxicological effects on local sh as well as no human health effects from intake of sh and water (based on TDI level of 150 ng kg À1 body weight) were found in that study. 59 However, due to the continued PFASs contamination even many years aer the usage of PFAS-AFFFs, remediation is planned by the owner of Stockholm Arlanda Airport, and a pilot study was completed in 2018. 60 Since remediation measures will be implemented in the future, it would be of interest to also monitor and identify the EOF at site A. Estimated mass discharge for Klintabäcken (R1) was 1.7 g day À1 for S 25 PFASs and for Hasselstadsbäcken 6.9 g day À1 for S 25 PFASs. Both discharges combined resulted in 8.7 g day À1 for S 25 PFASs (80% was PFOS) and 14 g F day À1 for EOF that were released into Ronneby River. The yearly mass discharge of PFOS was 0.38 kg per year for Klintabäcken and 15 kg per year for Hasselstadsbäcken (Table S9 in ESI †). Mass discharge of PFOS previously estimated for Klintabäcken in 2014 was higher with 20 kg per year PFOS, while the same extent was assumed for Hasselstadsbäcken. 31 However, the contribution of groundwater was included in the mass discharge estimation and PFOS concentrations measured in 2014 were higher in the surface water (3200-4000 ng L À1 ). This indicates that the PFOS concentration decreased by more than 10-fold from 2014 to 2016 in Klintabäcken, whereas for Hasselstadsbäcken the mass discharge remained relatively constant at high levels.
In general, the PFAS mass discharges determined for Märsta and Ronneby River were considerably lower than those discharges found for major European rivers, 61 such as River Rhine with an estimate of around 6 tonnes per year for S 4 PFCAs. 62 This was expected considering that the catchments of Märsta River and Ronneby Airport are relatively small with low ow rates. Also, a comparison between different sites are inuenced by different factors such as input from point sources, ow rates, hydrology and seasonality. For example, PFAS concentrations were found to be varied by a factor of 1.5 Fig. 5 The concentrations of extractable organofluorine (EOF) measured in the anionic fraction of water samples at all three sites. Bars show the fraction of unquantified EOF (dark grey and its percentage), PFCAs (red), PFSAs (blue) and FTSAs (yellow). between spring and fall at Märsta River (A1). 58 In addition, other factors that may inuence the fate of PFASs in the receiving water, such as environmental fractionation, uptake, and sorption to organic matter/sediments, were not considered.
Conclusion
Overall, we showed that homologue proles (including PFHxS-PFOS ratio), branched isomer proles, BAFs and EOF mass balance could improve our understanding and characterization of PFAS point sources. All three point sources showed different PFAS concentration levels, e.g. AFFF impacted site R had the highest contamination, as well as different PFAS, isomer and EOF proles. This shows that even if point sources were from the same source category, such as AFFF impacted site A and R, contamination is still different from site to site. Site K, which is impacted by industries such as hazardous waste facilities, showed more complex mixtures of PFASs and should be considered as relevant source to the nearby environment. Aquatic invertebrates were impacted by PFASs at all three sites and the BAFs indicate potential transfer of PFASs along the food chain mediated by invertebrates. Branched isomer analysis revealed that individual PFASs would have been underestimated if only quantifying linear isomers. In this study, the concentration of PFOS in R1 would have been 69% lower without the quantication of branched isomers. Homologue proles and PFHxS-to-PFOS ratios can help to identify type of sources and products used, e.g. PFOS vs. uorotelomer based AFFFs. Organouorine mass balance indicated that the majority of EOF were unidentied and unknown organouorine substances. Furthermore, mass discharge estimations can further assist in understanding the environmental transport and fate of organouorines and PFASs in receiving waters. Here, we found that EOF discharges were signicant higher relative to discharges of S 25 PFASs. Therefore, for in depth understanding and identication of overlooked and novel PFASs as well as other organouorine substances, additional approaches such as total oxidizable precursor assay, suspect screening and nontarget screening analysis could be applied.
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